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icense.Abstract Large volumes of natural gas and oil exist in tight ﬁssured reservoirs. Hydraulic fractur-
ing is one of the main stimulating techniques to enhance recovery from these fractured reservoirs.
The interaction between pre-existing natural fractures and the advancing hydraulic fracture is a key
condition leading to complex fracture patterns. Performing hydraulic fracture design calculations
under these less than ideal conditions require modeling fracture intersections in the network of reac-
tivated ﬁssures. Whether a hydraulic fracture crosses or is arrested by a pre-existing natural fracture
it is controlled by shear strength and potential slippage at the fracture intersections, as well as
potential debonding of sealed cracks in the near-tip region of a propagating hydraulic fracture.
We present a complex hydraulic fracture pattern propagation model based on the Extended Finite
Element Method (XFEM) as a design tool that can be used to optimize treatment parameters under
complex propagation conditions. Results demonstrate that fracture pattern complexity is strongly
controlled by the magnitude of anisotropy of in situ stresses, and natural fracture cement strength
as well as the orientation of the natural fractures relative to the hydraulic fracture. Analysis shows
that the growing hydraulic fracture may exert enough tensile and shear stresses on parallel cemented
natural fractures that they may debond. In situ stress anisotropy may increase the possibility of deb-
onding parallel natural fractures, but stress anisotropic prevents the debonded zones to coalesce
with the hydraulic fracture.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
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A1. Introduction
Determining the trajectory of a propagating hydraulic fracture
is an important challenge in reservoirs with pronounced heter-
ogeneities. Stratum bedding interfaces can arrest or deﬂect
hydraulic fractures, propagating from one reservoir rock layer
into another [1–2]. Pre-existing natural discontinuities in the
rock, such as natural joints or faults also affect the propaga-
tion path of a hydraulic fracture. However, for some condi-
tions, the fracture may deviate by small amounts, having a
relatively direct propagation path even through many pre-
existing fractures. Depending on the position of natural frac-
tures with respect to the hydraulic fracture, investigation of
length and aperture of hydraulic fracture is important [3].
The problem of crack deviation at natural cracks or faults
has been widely investigated both experimentally and numeri-
cally [4–6]. However, a comprehensive analysis of how differ-
ent parameters inﬂuence the fracture behavior has not been
fully investigated to date. An understanding of the main phys-
ical criteria during the interaction of a hydraulic fracture with
pre-existing discontinuities plays an important role in predic-
tion of the propagation scenario.
New diagnostic tools developed during the last decade
strongly suggest the multiple fracture propagation or multi-
stranded hydraulic fractures in naturally fractured reservoirs
[7]. Dynamic fracture mechanics theories [8] indicate that crack
tip branching will occur only in cases where fracture propaga-
tion speed is comparable to the seismic velocity of the material
(more precisely, the Rayleigh wave speed). However, ﬁeld data
demonstrate that hydraulic fractures propagate much more
slowly than seismic wave speeds, so multi-branched fracturing
should not occur in a homogeneous, isotropic, intact rock
mass. On the other hand, the present day in situ tectonic stress
direction can be rotated from the time of the formation of nat-
ural fractures [9]. So, natural fractures are not necessarily
aligned with the present day direction of maximum compres-
sive stress. Thus, natural fractures may not be parallel with
the hydraulic fracture and might be intersected by the hydrau-
lic fracture. Intersection with geological discontinuities such as
joints, bedding planes, faults and ﬂaws in reservoirs might ren-
der fractures non-planar and multi-stranded.
The main objective of this paper is the investigation of the
dominant factors governing the diversion or offset of hydraulic
fractures in the presence of natural fractures. These natural
fractures can be partially or completely sealed by cements.
We look at ‘‘remote’’ reactivation as the hydraulic fracture ap-
proaches the natural fracture, as well as when it intersects,
from a fracture mechanics perspective. To make the numerical
computations more tractable, we employ the extended ﬁnite
element method (XFEM), which allows for a static mesh as
fractures propagate, removing the need and computational ex-
pense of remeshing.
2. Governing equations
Our preliminary investigation is limited to two dimensional
analysis. The key simpliﬁcation is that the plane strainmodel as-
sumes that the fracture is inﬁnite in extent in one direction
(KGD model, [10]). This is not necessarily a good assumption
for many hydraulic fracturing situations, but the presented
model is a preliminary model testing an entirely new method,
RE
TRand for computational simplicity, it was chosen to sacriﬁce the
three dimensional aspects of the problem. A more complete
modelmust ultimately add those three dimensional aspects back
in the calculation. Also, although many of techniques presented
here are applicable to non-linear, inelastic, and large deforma-
tion problems, we only consider small linear elastic deforma-
tions which are most appropriate in hard rock situations.
Let X be a regular body bounded by a smooth curve C. The
boundary C of the body X can be described as having either
displacement (Dirichlet, Cu) or traction (Ct) boundary condi-
tions. Letting u and e be the displacement and strain ﬁeld,
respectively, strain is deﬁned as:
e ¼ $su ð1Þ
where $s indicates the symmetric part of the gradient. For
traction-free fractures, the strong form of the initial boundary
value problem has the following form:
rij; j þ bi ¼ 0 inX
u ¼ u on Cu;
r  n ¼ t on Ct; and
r  n ¼ 0 on Ccr;
ð2Þ
where r is the Cauchy stress tensor, b is the body force per unit
volume, n is the outward unit normal vector to the boundary, u
is the prescribed displacement and t is the prescribed traction.
The stress and strain are related by the linear elastic constitu-
tive law as [11]:
rij ¼ Cijkl ekl ð3Þ
where Cijkl is the component of the elasticity tensor.
For the sake of simplicity, it is assumed that fractures are
propagating in an impermeable linear elastic medium under
plane strain conditions, and that the fracture is driven by an
incompressible Newtonian ﬂuid from a source located some-
where along the fracture (i.e. the wellbore).
Performing hydraulic fracture design calculations under
these complex conditions require modeling of fracture intersec-
tions and tracking ﬂuid fronts in the network of reactivated ﬁs-
sures. In this dissertation, the effect of the cohesiveness of the
sealed natural fractures and the intact rock toughness in
hydraulic fracturing is studied. Accordingly, the role of the
pre-existing fracture geometry is also investigated. The results
provide some explanations for signiﬁcant difference in hydrau-
lic fracturing in naturally fractured reservoirs from non-frac-
tured reservoirs. For the purpose of this study, an extended
ﬁnite element method (XFEM) code is developed to simulate
fracture propagation, initiation and intersection. The motiva-
tion behind applying XFEM is the desire to avoid remeshing
in each step of the fracture propagation, being able to consider
arbitrary varying geometry of natural fractures and the insen-
sitivity of fracture propagation to mesh geometry. New modi-
ﬁcations are introduced into XFEM to improve stress intensity
factor calculations, including fracture intersection criteria into
the model and improving accuracy of the solution in near
crack tip regions.
3. Interaction between the hydraulic fracture and natural
fracture
Three possibilities might occur during the hydraulic fracturing
of naturally fractured reservoirs (Fig. 1). First, the natural
TE
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Figure 1 Possible scenarios at normal intersection of a hydraulic fracture and a natural fracture.
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fractures may have no inﬂuence and the hydraulic fracture will
propagate in a direction parallel to the maximum horizontal
stress, as expected in the classic sense. This may be a result
of high cement strength in the natural fractures (comparable
to matrix strength), unfavorable natural fractures orientation,
or a fracturing pressure that is not high enough to overcome
the normal stress perpendicular to the natural fracture. In
the second scenario, once the hydraulic fracture intersected
the natural fracture, the hydraulic fracture is arrested and
the ﬂuid is completely diverted into the natural fracture sys-
tem. The natural fractures will open if the energy of the grow-
ing hydraulic fracture is large enough to debond (re-open)
fracture cements or if the shear stresses are large enough to
overcome the friction between fracture surfaces. In the third
scenario, both the newly formed hydraulic fracture and the
natural fractures will interact and intersect in a complex man-
ner. Debonding can also take place ahead of the primary crack
before the fractures intersection (Fig. 2). The growing fracture
exerts large tensile and shear stresses ahead of and near the tip.
These stresses can be large enough to debond or shear the
sealed natural fractures. So in the ﬁrst series of events
(Fig. 1), the hydraulic fracture propagates all the way into
the natural fracture before the interaction occurs. In other
case, the natural fracture starts to open/shear or propagate
TRFigure 2 Schematic illustration for debonding induced by the approa
failure.
REbefore the hydraulic fracture arrives because of near-tip stress
concentrations. If this happens, it may even divert the growing
fractures into double-deﬂection in the natural fractures. In this
scenario the natural fracture may stop (arrest) the growing
hydraulic fracture in the case of high stress anisotropy [12,13].
The properties of fracture cements are distinct from those
for intact rock. Depending on the cement material (and frac-
ture) properties, the pre-existing fractures may act as a weak
path or a barrier for further crack propagation. This forms a
competition between sealed pre-existing cracks and the intact
matrix for fracturing (Fig. 3).
When hydraulic fractures intersected oblique natural frac-
tures, a kink is formed in the fracture path (Fig. 4b). These
kinks can be the locations of stress concentration although
the order of stress singularity is not as high as for a crack
tip. Additionally, cemented fractures are weak paths for frac-
ture propagation. Suppose that the growing crack (Fig. 4a)
is deﬂected into a weak path and it advances through the ce-
mented fracture for a while (Fig. 4b). Due to the increase in
the fracture length, pressure-drop along the induced fracture
increases. Therefore, the treatment pressure has to be increased
to overcome this resistance and let the hydraulic fracture con-
tinue growing. This increase may provide sufﬁcient pressure
for the initiation of a new branch of crack from the kink point
CT
Eching crack, (a) induced by tensile failure, and (b) induced by shear
Figure 3 Intersection of hydraulic fracture with closed cemented
fracture. Two potential growth paths have been shown in red.
Table 1 Input data for the interaction between induced and
natural fracture.
Young’s modulus (E) 4.0 * 106 psi
Poisson’s ratio (m) 0.25
Fracture toughness 1.50 MPa m1/2
Fracture cement toughness 0.75 MPa m1/2
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Ato the other-side of the sealed fracture. An example of a possi-
ble snap-back path is sketched in Fig. 4c. However, this is very
special case that may loading conditions and incidence angle.
The crack debonding phenomena may also occur in parallel
(and subparallel) fractures as well. In such situations, the effect
of the re-opened fractures is complicated.
4. Interaction between hydraulic fracture and parallel natural
fractures
It has been discussed that the hydraulic fracturing of wells in
naturally fractured reservoirs can differ signiﬁcantly from
hydraulic fracturing in homogeneous isotropic reservoirs. In
this section, the extended ﬁnite element technique described
earlier in this paper is applied to various situations where a
hydraulic fracture interacts with a natural fracture. The
hydraulic fracture has one wing and an initial total length of
1 m. The fracture toughness of the cement is assumed to be
half the toughness of the intact rock. Other input data are
speciﬁed in Table 1.
The shear and normal tractions induced on the cemented
crack lying parallel to the hydraulic fracture is plotted in the
Fig. 5. Only the part of the natural fracture that is very close
and ahead of the hydraulic fracture tip is under tensile stress
(from 0.070 toward ahead, where the distance between frac-
tures is 0.25), otherwise the hydraulic fracture exerts additional
compression on the natural fracture tip at 0.04 with a right
TRFigure 4 Steps that lead possible path
RElateral shear sense (positive), while ahead of the tip the shear
sense is left-lateral but much smaller in magnitude. These
results indicate that it is most likely to get an opening mode
fracture growth initiated ahead and to either side of the tip
of an approaching hydraulic fracture. Induced shear is more
likely where shear stress magnitude peaks behind the tip, where
the induced normal stress is slightly tensile. Both are condi-
tions that would promote slip. The shear-induced slip may
not result in additional fracture propagation, but it may gener-
ate microseismic events that can be used to map the passage of
hydraulic fracture tip through the rock mass.
In case of anisotropic in situ stresses, the required stress
for debonding the parallel natural fractures (Sh,min  Pp -
 rt,cement, where Pp is the pore pressure and rt,cement is the
tensile strength of the cement) is less that the required stress
for debonding orthogonal natural fractures (Sh,min  Pp
 rt,cement). Therefore, it is more likely reactive to parallel nat-
ural fractures by hydraulic fracturing in anisotropic reservoirs.
The path followed by the fracture in the presence of the
parallel debonded area is sensitive to the tectonic stress anisot-
ropy (Fig. 6). In case of isotropic or low anisotropic in situ
stresses, the hydraulic fracture is advancing toward the natural
fracture with a high angle. But as the differential stress in-
creases, the hydraulic fracture will have lower tendency for
coalescence into the parallel natural fractures. It can be con-
cluded that high anisotropic in situ stress state facilitates
reopening of parallel natural fracture, but since they cannot
coalesce with the main hydraulic fracture, they will not con-
tribute to the wellbore production enhancement.
The curvature of the miss-aligned section of the hydraulic
fracture depends on the stress anisotropy (compared in
Fig. 6) and the length of debonded zone. The extra curvature
will reduce the fracture effective length and increase pressure
drop along the fracture. Both of these issues will not improve
the efﬁciency of the fracturing treatment.
CT
EDs for crack initiation at the corner.
Figure 5 The shear and normal tractions (negative, if compression) exerted on the closed cemented fracture. The origin for the X-axis is
the closest point of the natural to the hydraulic fracture shown in the legend.
Figure 6 The effect of anisotropy of in situ stresses on the interaction between a growing hydraulic fracture (from left to right) and a
debonded natural fracture. The effect of stress anisotropy demonstrated in the associated plots for a/b= 0.30.
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and surrounding open natural fractures before their coales-
cence was discussed. Depending on the size of the open part
of the natural fracture, fractures coalescence could affect
the fracturing job. As the primary hydraulic fracture
reaches an open natural fracture, due to the strain relaxa-
tion at the tip of the approaching fracture, extra volume
will be provided inside the fracture. In this case study,
the length of natural fracture is about 40% of the hydraulic
fracture length and horizontal in situ stresses are isotropic.
Fig. 7 shows the tensile and shear failure of the primary
hydraulic fracture before crack intersection (geometry of
Fig. 1a), at the time of the intersection and at the time
R when enough pressure is build-up for further propagation(geometry shown in Fig. 1c). Immediately after the intersec-
tion, 16.7% in this case is added to the initial fracture vol-
ume. To be able to maintain enough pressure for fracture
propagation, it is necessary to pump almost the same
amount of ﬂuid as was inside the non-intersected fracture
(102.2% of initial ﬂuid volume). It is noticeable that the
major part of the excessive volume is provided inside the
primary fracture (about 85%).
In the Fig. 7, the tensile failure of the debonded part is not a
quadratic function of the position along the crack but of the
forth order polynomial. It is notable that there is no pressure
inside the debonded zone.
Figure 7 The tensile and shear displacement along the debonded zone in the isotropic stresses.
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The fracture propagation modeling demonstrated using an Ex-
tended Finite Element is the key to enable proper hydraulic
fracture design analysis by considering the prescribed fractures
geometry. However, modeling the reactivation of open mode
fractures in naturally fractured reservoirs requires having the
natural fracture system characterized. There exist some inte-
grated models in the literature that can be utilized for this pur-
pose. By combining the knowledge of natural fracture pattern
and today’s situ stresses, it is possible to build a model to a
realistic prediction about the hydraulic fracturing efﬁciency.
The interaction between a growing hydraulic fracture and
surrounding natural fractures was studied in this paper. Gen-
erally, three possibilities might occur while fracturing a frac-
tured reservoir. These show that the orientation of the
RE present-day in situ stresses with respect to the natural fracturesset is another major factor that dominates the efﬁciency of thehydraulic fracturing treatment and when natural fractures areperpendicular to the direction of the hydraulic fracture growth,the largest possible debonded zone may be formed, which is
equivalent to the most optimum case to simulate a reservoir.
The effect of in situ stress anisotropy on the natural frac-
tures reactivation was also discussed. In situ stress anisotropy
may increase the possibility of debonding parallel natural frac-
tures, but stress anisotropic prevents the debonded zones to
coalesce with the hydraulic fracture, so they will not enhance
well performance.
The coalescence of the hydraulic fracture with parallel open
natural fractures causes strain relaxation at the reaching tip,
which provides larger volumes mainly inside the primary
hydraulic fracture and then the connected natural fracture. It
Numerical modeling of hydraulic fracture propagation 563
Dwas shown that after intersecting open natural fractures, it
might be needed to inject several times larger amount of al-
ready pumped ﬂuid into the system to be able to maintain en-
ough pressure for continuing fracturing job. These episodes
may be observed as high screenouts for operators on the
surface.
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